To increase health care access in communities facing provider shortages, many federal programs target assistance like scholarships, loan repayments, and other financial incentives to Health Professional Shortage Areas (HPSAs) for primary medical care, mental health or dental care. [1] [2] [3] In response to known limitations of the HPSA designation process, 2, [4] [5] [6] [7] there have been recent efforts to recommend and implement major improvements. The Affordable Care Act of 2010 established the Negotiated Rule Making Committee (NRMC) for the purpose of proposing updates to the HPSA designation process. 8 In 2013, the Health Resources and Services Administration (HRSA), the agency that supports the shortage designation process in conjunction with state partners, launched the Shortage Designation Modernization Project. 9, 10 As a result, a revised designation process now uses standardized data from national sources such as the Centers for Medicare and Medicaid Services (CMS) and the Census Bureau. These and other changes were implemented in November 2017 under a comprehensive review of HPSAs known as the National Shortage Designation Update or NSDU (personal communication, John Halter, .
One potential limitation of the HPSA designation process that is not altered under the NSDU and not addressed in the NRMC recommendations is the use of "bounded areas." This issue largely pertains to the designation of geographic HPSAs, for which the bounded area is usually a single county, a county group, or a collection of census tracts; as such, the area is marked by the boundaries of some geopolitical unit(s). Such an area is designated as a geographic HPSA or shortage area because the physicianto-population ratio (PPR) is below a given threshold. Notably, the PPRs for geographic HPSAs are defined as the ratio of physicians located in the bounded area to residents of the bounded area. As a result, these boundedarea PPRs have several well-known limitations. 11 First, bounded-area PPRs may be sensitive to the spatial resolution of the unit; that is, PPRs defined for large bounded areas may not adequately reflect conditions within some smaller parts of the large area. Second, PPRs for bounded areas may not accurately reflect physician accessibility if patients routinely seek care beyond area borders. In spatial analysis, this is called the bordercrossing problem. 5, 12, 13 Although geographic areas applying for HPSA designation must show that providers in contiguous areas are overutilized or inaccessible, overutilization of contiguous area providers is determined by the PPR for the contiguous area, which is itself a bounded area.
14 Third, bounded-area PPRs do not account for travel "impedance"; in spatial analysis, impedance refers to the cost or resistance involved in traveling between locations due to distance and/or the speed of travel. 12 Due to impedance, providers in an area may not be equally accessible to all residents of the area. These 3 issues can be addressed with the use of GIS (geographic information systems) software and tools; however, policy makers have not fully and consistently embraced GIS-based measures in identifying shortage areas. 15 Moreover, the NSDU process does not change the use of bounded areas in the HPSA designation process or the boundaries for geographic HPSAs. 10 Some studies suggest that GIS-based measures of PPRs may yield very different estimates of primary care shortage areas than bounded-area measures. Dewulf et al constructed a GIS-based shortage indicator using enhanced 2-step floating catchment area (E2SFCA) methods for each census tract in the entire nation of Belgium, then used the same data to construct a bounded-area shortage indicator. 16 The authors found substantial disagreement between the 2 measures: about 18% of census tracts met the bounded-area shortage designation but not the GISbased designation, and another 22% met the GIS-based shortage designation but not the bounded-area designation.
Very few studies have compared GIS-based and bounded-area shortage indicators using US data. Luo used geospatial methods to construct a GIS-based shortage indicator and compared it to official HPSA designations; however, the study area was only a small part of 1 state, and differences between the GIS-based measure and official HPSA status could have been due to differences between the data used in the study and the data used in the official HPSA designation process. 17 Rosenthal et al applied GIS methods to data from 23 US states and found that border-crossing assumptions have a big effect on shortage determinations. Assuming patients saw only physicians in their county of residence, 30% of residents in the most rural areas lived in counties that could be classified as shortage areas, but only 7% did if one assumed that patients seek care outside their counties of residence. 18 If GIS methods make a difference in whether geographic areas meet shortage designation criteria, then there may be opportunities to improve the efficiency of publicly funded programs that make eligibility determinations based on shortage designations. The present study provides an updated answer to the question, "Does the use of GIS-based measures produce geographic shortage area determinations that differ from those based on bounded-area measures?" We focused on shortage areas for primary care given the significant contribution of primary care to population health. [19] [20] [21] The measures we constructed are similar to indicators for geographic HPSAs, in that they are defined for bounded geographic areas. Although border-crossing problems and within-area variation could also affect the determination of population HPSAs, these types of HPSAs are determined by data on bounded-area PPRs as well as measures of population need; this reduces the impact that the limitations of bounded-area PPRs may have. We used data from a single US state (Virginia), and, in contrast to both prior US studies cited above, we used enhanced GIS methods to more accurately pinpoint physician locations, assess travel time, and define catchment areas.
Methods
To first summarize our basic approach, we used data on primary care physician (PCP) locations and population counts to construct 2 shortage area indicators using different methods. The first indicator is a bounded-area shortage indicator defined without the use of GIS-based
The Journal of Rural Health 35 (2019) 22-34 c 2018 National Rural Health Association measures of accessibility. This is analogous to the current HPSA designation process in that it uses bounded-area PPRs. The second shortage indicator is a GIS-based measure that measures spatial accessibility to physician locations based on proximity and has the general advantages of GIS-based measures described above (it uses high spatial resolution, allows for border-crossing, and accounts for impedance). We used the same underlying population and physician data in constructing both measures so that we could isolate differences between the 2 measures driven only by our use of enhanced GIS methods (which are described below) as opposed to differences arising from alternative data sources. To look at differences between the measures, we compared the agreement between bounded shortage areas and GIS-based shortage areas, and we examined the types of disagreements that arise. Below we provide more details on the data and the construction of the 2 measures.
Data
We used geocoded data on the street addresses of PCP practice locations in Virginia obtained from the Virginia Board of Medicine's Doctor Profile dataset. 22 Details on sample construction and geocoding procedures are provided in the Technical Appendix (available online only). The final dataset includes 3,179 geographically unique PCP street address locations; the weighted average number of physicians per location is 2.19. We obtained population data for all 144,902 populated census blocks in Virginia from the 2010 Census. The census block is the highest geographic resolution at which population count data are available; this allowed our GIS-based methods to come as close as possible to geocoding individual residents of the state without resident address data. Population counts were assigned to the geographic centroid of each census block polygon extracted from TIGER/Lines Shapefiles.
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Constructing the Bounded-Area Shortage Indicator
In defining the bounded-area shortage indicator, we used Primary Care Service Areas (PCSAs) to represent the relevant bounded areas in the state. Defined from Medicare claims, PCSAs are meant to be rational service areas (RSAs) that reflect the actual travel patterns of patients. 24 They consist of 1 or more ZIP code tabulation areas, and evidence shows that the majority of patients in a PCSA obtain primary care from physicians inside the PCSA borders. 24 This study used version 3.1 of the PCSA boundaries constructed with 2010 census tract boundaries. 25 Since we lacked data on out-of-state PCPs, we used PCSAs that are located entirely within Virginia to avoid measurement error in the construction of the PPR. Importantly, our data show that 85% of the total population of Virginia reside in PCSAs located fully within Virginia borders. Alternatively, one might use the same RSAs used in the HPSA determination process to define bounded areas; HPSA RSAs can consist of a single whole county, a group of adjacent whole counties, and in some cases, parts of a single county. However, there is no standardized process for defining HPSA RSAs across the United States, and approved HPSA RSAs do not exist for "non-HPSAs" unless a state has an HRSA-approved statewide RSA plan, which Virginia does not. 26 For each PCSA, we counted the number of physicians, divided by the total population, and constructed the bounded-area PPR. In constructing the count, we weighted physicians by the self-reported percent of time spent at each practice location. This implicitly assumes that all time was spent seeing patients and that all physicians worked the same number of hours. We defined the bounded-area shortage indicator as equal to 1 if the PCSA had a PPR less than 1:3,500, and 0 otherwise. Federal regulations specify this threshold for geographic HPSA determination; the threshold of 1:3,000 is used if other conditions are met. 27 To permit comparison with our GISbased measure, which is defined for a much smaller geographic unit (the census block), we applied the value of each PCSA-specific bounded-area shortage indicator uniformly to all census blocks that fall within the same PCSA.
Constructing the GIS-Based Shortage Indicator
The GIS-based shortage indicator is defined with the E2SFCA methodology. 28 Generally speaking, the E2FSCA methodology assigns each population location (eg, a resident address or a census unit; in our case, the census block) with a value that measures accessibility from said location to PCPs. The value measures the number of physicians that each location has access to divided by the number of persons at the population location. Rather than simply determining accessibility based on whether the physician location lies within the same bounded area as the population location, E2SFCA methods measure accessibility in 2 steps. The first step accounts for whether a population location falls within a specific catchment area defined around a specific physician location and constructs a PPR. This step adjusts physician locations for competing demand from other population points. The second step accounts for the number of physician location catchments that a given population location falls into; population locations that fall within multiple overlapping physician location catchments receive an access measure equal to the sum of all PPRs that they have access to. The use of a catchment defined by travel time or distance (as opposed to PCSA boundaries) has several potential advantages: it allows patients to cross PCSA boundaries to see PCPs and permits variation in the PPR within a bounded area such as a PCSA. 12 A particular advantage of E2SFCA (as opposed to 2SFCA) is the use of weights to treat more distant providers as less accessible. 12 Although HRSA and state agencies have used some GIS methods in certain aspects of HPSA analysis (such as mapping), Mazumdar et al note that approaches like E2SFCA and 2SFCA have "yet to see widespread policy applications." 15 (p48) Any application of E2SFCA methods must make a number of specific choices such as how to define the catchment size, how to measure distance/time, and how to account for impedance, among others. Specifically, in our case, we calculated the GIS-based PPR for population location i in these 2 steps:
Step 1. We created a physician-level PPR by defining a catchment area around each physician practice location j following a reasonable assumption of a maximum travel time; then in each catchment area, we designated 3 travel time zones. Travel time was defined as the distance from the physician street address to the geographic center of each census block falling within the catchment area. We identified all population locations k within each travel time zone from physician practice location j, and computed R j , the weighted PPR within the catchment area:
P k is the population falling within each of the 3 zones of the catchment area, and S j is the weighted number of physicians at location j. As in the bounded-area PPR, we weighted physicians by the self-reported percent of time spent at each practice location. W r is a distance decay weight for the r th travel time zone, capturing impedance (in this case, the increase in the time cost of accessing physician practice location j the farther it is located from the geographic center of the census block).
Step 2. We aggregated physician-level PPRs to construct a population-based PPR. For each population location i, we identified all physician practice locations within the catchment, defined as areas within a 30-minute travel time from the geographic center of the census block. We summed the PPRs (R j ) as follows:
A F i is our GIS-based PPR. It represents the accessibility of physicians to the population at location i. R j is the PPR at physician location j that falls within 1 of 3 travel time zones within the catchment area centered at population point i. Again to account for impedance, the same distance decay weights and corresponding travel time zones used in step 1 were also used in step 2. 1 Because choices of catchment size and distance decay weights are arbitrary, 7 we constructed 3 different measures of the GIS-based PPR. The first is a baseline measure, where we defined the catchment size as the distance that can be traveled in 30 minutes through the network of roads at prevailing speed limits. We used 30 minutes because this is the same threshold used in the criteria for geographic primary care HPSAs. 2, 27 Our baseline measure applied the slow decay weights of 1.00, 0.68, and 0.22 from Luo and Qi to intervals of 0-10 minutes, >10-20 minutes, and >20-30 minutes, respectively. 28 The other 2 GIS-based measures modified this baseline measure slightly to account for minor fluctuations in travel time (plus or minus 5 minutes) that may occur in different traffic conditions at different times of the day, and to reduce the sensitivity of our results to the arbitrary choice of distance decay weights. One took a more liberal approach to defining accessibility by increasing the catchment to 35 minutes and setting the weights to 1.0 in all 3 intervals (ie, applying no distance decay). Another took a more conservative approach by decreasing the catchment to 25 minutes and applying the Luo and Qi "fast" distance decay weights of 1.00, 0.42, and 0.09 for the 3 intervals, respectively. 28 To measure all travel times, we used road network and speed limit data from the Virginia Geographic Information Network. 29 As a final step, we defined a composite GIS-based shortage indicator as equal to 1 if any of the 3 GIS-based PPRs was less than 1:3,500, and equal to 0 if all 3 were greater or equal to 1:3,500. In this way, we prevented small differences in travel time and the arbitrary choice of distance decay weights from driving our results. This indicator was defined for each census block. In some analysis that explores whether agreement varies with different assumptions, we used the 3 individual indicators separately; these were also defined for each census block.
Method of Comparison
To compare the bounded-area shortage indicator to the composite GIS-based shortage indicator, we first calculated the agreement between the 2 indicators as the share of all census blocks for which the 2 indicators take the same value (ie, either both equal 1 or both equal 0). We also examined agreement in terms of the share of
The Journal of Rural Health 35 (2019) 22-34 c 2018 National Rural Health Association the population residing in areas where both indicators match. We then examined sources of disagreement using cross-tabulations of the binary measures. We examined agreement and disagreement for the full sample as well as separate samples of urban and rural census blocks. We obtained data on census block urban/rural classification from a Mable/Geocorr crosswalk. 30, 31 This crosswalk identifies the share of each census block's population residing in urban areas according to the 2010 Census. Under this definition, an urban area comprises a densely populated core along with adjacent territory containing nonresidential urban land uses that meet particular population requirements. 32 In cases where the urban share of the population is between 0% and 100%, we rounded the share to the nearest whole number to designate the block as either urban or rural. To visually explore geographic variation in shortage area designation agreement that is not accounted for by a rural/urban indicator or by the layout of the road network we utilized, we overlayed Virginia's 5 physiographic provinces on a blocklevel shortage indicator map. Lastly, we examined the characteristics of those blocks where bounded-area and GIS-based shortage indicators differ. To each block, we assigned census block group-level measures of the median household income, the percent of the population with incomes below the federal poverty line, and the share of the population without a high school diploma. These data were obtained from the Census Bureau's American Community Survey 5-year estimates from 2014, and they are thus based on 60 months of data from 2010 to 2014. The Census recommends using 5-year estimates to increase precision when analyzing small areas. 33, 34 The census block group is the highest geographic resolution for which these estimates are available. Table 1 shows that agreement between the 2 shortage indicators is reasonably high, at 91% of census blocks in Virginia-only PCSAs; further, 95% of the total study population resides in census blocks where the 2 indicators agree. In urban areas, agreement is even higher, at 97% of census blocks and 98% of the population. Agreement is significantly lower in rural areas (P < .00001), but it is nonetheless high, at 86% of census blocks and 87% of the population. The high agreement we observe in the full sample and in urban areas is not sensitive to the particular choice of catchment size or distance decay. When we use each of the 3 PPRs (the baseline PPR and the 2 variations) to create its own GIS-based shortage indicator, we find that the bounded-area measure and the GISbased measure agree for census blocks where 89-91% of the full sample population reside, and where consistently 97% of the population in our urban sample reside. Agreement in the rural sample is more sensitive to the choice of catchment/decay weights. Agreement exists for census blocks where 69% of the rural population reside when using a 25-minute catchment with fast distance decay, and where 75% of the rural population reside when using a 35-minute catchment with no distance decay. Table 2 examines the 2 different types of disagreement that arise using the composite GIS-based measure (Appendix Tables 1, 2 , 3, available online only, show the same results for the 3 individual GIS-based shortage indicators). These disagreements give rise to what might be called "excess" shortage areas and "overlooked" shortage areas. "Excess" shortage areas are those where the GIS-based measure does not indicate a shortage but the bounded-area measure does. This type of disagreement is tied to the border-crossing problem. That is, the boundedarea measure defines a shortage because the boundedarea PPR is low, but it fails to account for accessible PCPs across the area's border. "Overlooked" shortage areas are those where the bounded-area measure does not indicate a shortage but the GIS-based measure does. This type of disagreement will result when the bounded-area is defined for a larger spatial unit and does not adjust for impedance. For example, small census blocks with low access may be "overlooked" when they lie within much larger areas that have generally good accessibility to PCPs.
Results
In our full sample and in both urban and rural areas, it is more common to see disagreement resulting in excess shortage areas. Overall, disagreement resulting in excess shortage areas affects about twice as many residents (236,455 persons) than disagreement resulting in overlooked shortage areas (105,310). That said, the number of residents residing in these excess shortage areas is a very small fraction of the total population (3.5%) and an even smaller fraction of the urban population (2.3%). This means that excess shortage areas are more common in rural areas, where 6.9% of the population is classified as living in shortage areas based on bounded-area PPRs, but not GIS-based PPRs. The share of the population residing in these areas increases to 15.5% when we use the GIS-based PPR with a 35-minute catchment and no distance decay (Appendix Table 2 , available online only).
Disagreement arising from overlooked shortage areas affects 1.6% of the total population but a higher share of the rural population. Specifically, 5.7% of the rural population resides in blocks characterized as shortages by our composite GIS-based measure but not by the bounded-area measure, compared to only 0.1% of the urban population. Note that the share of the population Table 3 , available online only). Figure 1 uses a map to visualize the extent of agreement between bounded-area (BA) and GIS-based (GIS) shortage indicators across the state and by physiographic provinces of the state. 35, 36 Both indicators generally agree that shortages exist in provinces with higher elevations and more rugged terrains. For example, the share of census blocks per province designated as shortage areas under both measures (marked as "BA shortage = 1 and GIS shortage = 1") is largest in the Appalachian Plateau (20%) and the Blue Ridge (17%), and it is much lower in the gentler hills of the Piedmont (8.74%) and the flatter Coastal Plain (5.7%), where most of the cities and population are located (data not shown). Disagreement between indicators (arising in "excess" and "overlooked" shortage areas) is also more common in the Appalachian Plateau (31%) and the Blue Ridge (44%) than other provinces (less than 20%). In addition to topography, some water bodies could be expected to affect accessibility and thus shortage area designations. In the Coastal Plain, the Chesapeake Bay and the estuaries of the Potomac, Rappahannock, James, and York Rivers interrupt land connectivity and areas rely on bridges or water transportation. However, in the Eastern Shore-the area most likely affected by water bodies-the majority of blocks are not designated as shortage areas by either indicator, with only a few being identified as "overlooked" (BA shortage = 0 and GIS shortage = 1).
Given evidence that agreement between the 2 shortage indicators is much lower in rural areas than in urban areas, we examined the socioeconomic characteristics of rural areas marked by disagreement in more detail. We focused on the socioeconomic status of these areas since it is often used in conjunction with PPRs to make other types of shortage designations, such as population HPSAs, "high needs" geographic HPSAs, and MUA/Ps (or Medically Underserved Areas/Populations).
We first examined the socioeconomic status of residents of "overlooked" rural shortage areas. In the top panel of Table 3 , we compare the socioeconomic status of overlooked rural shortage areas with that of other rural areas where the 2 shortage indicators agree. On average, the overlooked shortage areas have a higher median income, lower poverty rates, and lower high school non completion rates than agreed-upon shortage areas in our sample. These differences are statistically significant. Further, the average overlooked shortage area has a higher median household income, lower poverty rate, and a lower high school non completion rate than the average agreed-upon non shortage areas in our sample. Thus, this comparison suggests that the overlooked shortage areas are typically not areas one would associate with economic disadvantage. Further, only 14% of the population of these overlooked shortage areas live in areas where the poverty rate is 20% or more. Expressed as a share of the rural area population, this is only 0.8%. In summary, the populations flagged only by the GIS-based shortage indicator are on average not as economically needy as other areas where shortage determinations made by both measures agree, and a very small share of rural residents live in high-poverty overlooked shortage areas. We next examined the socioeconomic status of residents of "excess" rural shortage areas, or those rural areas where failing to allow for border crossing could lead bounded areas to be designated as shortages when accessible providers are nearby. The bottom panel of Table 3 shows that, on average, excess rural shortage areas are similar to agreed-upon shortage areas in terms of population income, poverty rates, and high school completion rates; on average, excess rural shortage areas are also much more economically disadvantaged than agreed-upon non shortage areas. Residents of these excess shortage areas are more economically needy.
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Further, much of population in these "excess" shortage areas might qualify as residents of HPSAs if other information about these areas were taken into account. For example, HRSA also designates some areas as high needs geographic HPSAs; this designation is based on a somewhat higher PPR (1:3,000) provided that the area has a high level of economic need. Calculations reported in Table 3 show that nearly two-fifths of the residents of the excess shortage areas live in census blocks with a poverty rate of 20% of more and a PPR less than 1:3,000.
Nonetheless, it is worth noting that even with these 2 exclusions, 4% of the rural population resides in shortage areas potentially labeled as such because boundedarea PPRs assume that patients do not cross borders to
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Discussion
Various state and federal programs target resources like scholarships, loan repayments, and other financial incentives to geographic HPSAs for primary care. For example, under Section 1833(m) of the Social Security Act, the US Medicare program gives a 10% financial bonus to PCPs who provide services in geographic primary care HPSAs. 1 Partly because relatively few studies have evaluated these types of programs, it is unclear how effective HPSA designations are in targeting resources to certain areas, and whether the efficiency of these types of programs could be improved by reallocating resources from 1 area to another.
In this study, we examined an aspect of the geographic HPSA designation process for primary care by comparing geographic areas designated as primary care shortage areas using both bounded-area methods and GIS-based methods. We sought to determine whether GIS-based PPRs yield determinations of geographic PCP shortage areas that differ from those based on bounded-area PPRs like those used in the HPSA designation process. We used the same underlying physician and population data to isolate whether a GIS-based E2SFCA method yields different shortage designation measures from those that use bounded-area PPRs which suffer from well-known limitations.
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E2SFCA methods also have several advantages over the GIS methods used in similar, prior comparisons of US shortage areas. First, unlike the floating catchment methods used in Luo's comparison to official HPSAs, E2SFCA methods incorporate travel impedance or road network travel time 17 and account for both physician supply and demand. 37 Second, while the methods used by Rosenthal and associates also incorporated travel impedance to measure individual physician caseloads, their comparisons of high-caseload populations under different border-crossing assumptions were made using average physician caseloads within a county, which can mask important within-county variation in accessibility. 18 Finally, we also employed multiple GIS-based measures that relied on different assumptions of travel time and travel impedance, thus reducing the sensitivity of our results to arbitrary assumptions.
We highlight 4 specific findings from our study. First, we found that for the large majority of persons living in our study area, bounded-area and GIS-based shortage area indicators agree. Agreement is high in the full sample and the urban sample, such that 95% and 98% of the respective populations in those areas reside in census blocks where the 2 indicators agree. For urban areas, the agreement rates are not sensitive to the different catchment sizes or distance decay weights we use. Although agreement is lower in rural areas (ie, 87% of the rural population reside in areas of agreement according to our composite GIS-based measure), it is still relatively high. Recent comparisons made with Belgian data suggest a much lower agreement rate between boundedarea PPRs and E2SFCA-based PPRs, at 60.2% of all census tracts. 16 According to our composite GIS-based measure, we obtained agreement rates of 97% of all urban census blocks and 86% of all rural census blocks. Even when using a single GIS-based measure, we found agreement for at least 80% of all census blocks, 95% of urban census blocks, and 71% of rural census blocks in our sample. One possible explanation for the high agreement we observed is that US PCSAs do an effective job measuring service areas. In other analysis (available on request), we found that agreement rates were several percentage points lower when bounded-area PPRs were defined using RSAs for official HPSAs and county/city boundaries for non-HPSAs in Virginia, as opposed to using PCSAs statewide. This suggests that using PCSAs in the HPSA designation process could mitigate certain limitations associated with bounded-area PPRs.
We also found that, for the most part, our shortage indicators agree that geographic provinces with higher elevations and rugged terrains (Blue Ridge, Appalachian Plateau) seem to have a higher share of shortage areas than lower and flatter regions (Coastal Plain, Piedmont). We also found that those more rugged and elevated areas show a comparatively higher share of disagreement ("excess" and "overlook" shortage) than the other provinces. Water bodies do not seem to have much influence on either the designation of shortage areas or the disagreement between indicators. The province where water bodies effectively interrupt land connectivity the most (the Coastal Plain) does not have a higher share of either agreed-upon shortage areas or disagreement between indicators.
Second, when we focused on rural areas, we found that while a source of disagreement (so-called "overlooked" shortage areas) was observed in our data, this did not appear to be a serious issue for the HPSA designation process. First, these areas were more commonly found in rural parts of the state when we used a catchment of 25 minutes and fast decay weights, assumptions that seem less appropriate for rural populations. When we used a catchment of 35 minutes and no distance decay, only 9.6% of the rural population lives in these areas, and when we used our composite measure, only 5.7% of the rural population lives in these areas. Moreover, the share of the population living in such places further declines-to less than 1% of the rural population-when we focused only on high-poverty areas. This suggests that the majority of overlooked shortage areas have higher levels of socioeconomic status, and as such are not likely the intended targets of government programs (loan repayments, bonuses) designed to promote access. Additionally, other aspects of the shortage designation process may mitigate concerns about high-poverty overlooked areas. Specifically, the criteria for population HPSAs and high needs geographic HPSAs employ data on poverty rates, and the auto-HPSA designation process assigns a higher score to areas with higher poverty rates.
Third, our findings suggest that while the bordercrossing problem may be a more serious type of disagreement in rural parts of the state, it is not as serious as prior data suggest (at least for Virginia). Our analysis of GISbased measures found that, at most, 15.4% of the rural population resides in "excess" shortage areas (where the bounded-area indicator flags a shortage but the GISbased measure does not). This difference was diminished if we used alternate assumptions of catchment size and distance decay, and fell to 6.9% when we used our composite GIS measure. Even at the high rate of 15.4%, this type of disagreement is not as great a concern as a prior US study suggests. Rosenthal and associates found that the share of rural populations living in shortage areas was between 2 and 9 times larger if consumers accessed PCPs only in their own counties than if they traveled outside county borders. 18 Using data shown in Appendix Table 2 (available online only), we calculated that a boundedarea shortage indicator would classify 20% of the rural population as residents of a shortage area, while a GISbased indicator would classify 14%, a difference of a factor of less than 1.5.
Fourth, using the composite measure, we also found that the 6.9% rural population share in excess shortage areas falls to 4% of the rural population when we also excluded persons living in areas with high poverty rates and low PPRs (PPRs that are above 1:3,500 but below 1:3,000). This suggests that tying program eligibility to not only geographic HPSA status but also to these other criteria could mitigate the extent of the border-crossing problem. Many federal programs do use additional eligibility criteria other than geographic HPSA status; our results suggest doing so may be worthwhile for other programs that currently do not, such as the Medicare payment bonuses described above.
Limitations
Our analysis has its limitations. Because we used data from a single state, our findings may not be generalizable to the US as a whole. Data limitations also led us to compare shortage area indicators for those census blocks that are part of PCSAs located entirely within Virginia (albeit census blocks where 85% of the Virginia population resides). While we tested the robustness of our findings to multiple GIS-based measures based on E2SFCA methods, we nonetheless made assumptions about appropriate travel times and distance decay weights, like other E2SFCA studies. 7 More accurate information about actual travel impedance and travel patterns in rural areas would improve the accuracy of spatial shortage indicators. 38, 39 Another limitation is that while E2SFCA methods are a significant improvement over earlier FCA methods, they may still overestimate spatial accessibility for truly disadvantaged populations. 40 In addition, our work focuses only on spatial accessibility, while health care access is also affected by non spatial factors such as patients' ability to pay and providers' work hours, among other dimensions. 41, 42 Finally, by design our study does not address other aspects of the HPSA determination that could be improved, such as the use of data on nonphysician clinicians and telehealth providers.
Conclusion
We examined whether a GIS-based measure of shortage areas yields different results from traditional boundedarea measures. We used data from 1 US state to calculate bounded-area PPRs and shortage indicators for PCSAs, and we then applied GIS-based methods to calculate PPRs while allowing patients to cross borders to seek care and permitting variation within a larger area. We found that agreement between GIS-based and boundedareas shortage indicators is generally very high. Agreement is lower in rural areas, but nonetheless 87% of the rural population reside in areas where the 2 types of indicators agree. Disagreement between bounded-area and spatial shortage indicators does exist, but overall disagreement appears to be less prevalent when PCSAs are used to define bounded areas. Disagreement caused by border crossing is a somewhat more significant concern than disagreement consistent with "overlooked" shortage areas.
These findings have implications for policy relevant discussions surrounding future updates to the HPSA designation process and the targeting of public programs toward shortage areas more broadly. As we noted earlier, HRSA recently implemented major revisions to the HPSA designation process that include the use of standardized provider and population data, but that do not deviate from the longstanding use of bounded-area PPRs. Based on our findings, forgoing the use of bounded-area PPRs in favor of PPRs derived from E2SFCA methods that groups intended to be the recipients of public programs to promote access: only 14%, or just 14,286 persons out of a total of 1.78 million rural residents, live in areas with poverty rates at or above 20%. Lastly, nearly 40% of those 236,455 rural residents who would lose shortage designation status do reside in areas with high poverty rates and relatively low PPRs. Thus, our findings lead us to suggest that the use of GIS-based measures in the HPSA designation process may not lead to widely different results and that aspects of the current HPSA designation process may minimize the extent of disagreement between bounded-area PPRs and spatial PPRs. That said, additional research that uses GIS-based measures of physician accessibility in models of population health and health care utilization would be particularly useful.
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Endnotes i. The impedance weights are required in both steps per Luo and Qi. 28 In Step 1, the weights are used in the creation of physician-to-population ratios (for each physician location). Weights ensure that more distant populations are discounted in the physician-topopulation ratio. In Step 2, accessibility scores are calculated for each census block (technically, each census block centroid); this is done by summing all accessible physicians' physician-to-population ratios (where the degree of accessibility is determined by distance). Impedance weights are used in this step to "down weight" the PPRs for more distant physician locations. ii. We use ArcGIS Network Analyst (Environmental Systems Research Institute Inc.
[Esri], Redlands, California) to create a matrix of origin-destination travel times between physician practice locations and all population centroids within 30 minutes. We assume that travel times from physicians to populations are equivalent to travel times from populations to physicians. This greatly reduces the computational power required to construct the catchment areas since it allows us to evaluate catchments originating at 3,179 
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